For more information on author guidelines, an explanation of our peer review process, and conflict of interest informed consent policies, please go to [www.wiley.com/WileyCDA/Section/id-301854.html](https://www.wiley.com/WileyCDA/Section/id-301854.html)

**Conflict of Interest:** Simeng Zhang, Binith Cheeran, Lalit Venkatesan, and Alexander Kent are employees and receive salary from Abbott. Peter Silburn, Nader Pouratian, and Alfons Schnitzler consult for Abbott and receive compensation for their time. Nader Pouratian also serves as a consultant for Medtronic, Boston Scientific, Second Sight Medical Products and receives grand support from Second Sight Medical Products and BrainLab. Alfons Schnitzler serves as a consultant for Boston Scientific, Teva Neuroscience, UCB, MEDA Pharma, Novartis and Abbvie and received research grants from the German Research Council, BMBF, the German Ministry of Education and Health, and the Helmholtz Association.

Source(s) of financial support: This study is funded and supported by Abbott.

INTRODUCTION {#ner13031-sec-0007}
============

Deep brain stimulation (DBS) has been established as an effective therapy for movement disorders such as essential tremor (ET) and Parkinson\'s disease (PD) over the past decades [1](#ner13031-bib-0001){ref-type="ref"}, [2](#ner13031-bib-0002){ref-type="ref"}, [3](#ner13031-bib-0003){ref-type="ref"}, [4](#ner13031-bib-0004){ref-type="ref"}, [5](#ner13031-bib-0005){ref-type="ref"}, [6](#ner13031-bib-0006){ref-type="ref"}. Traditionally, DBS uses 120--185 Hz pulses via a lead implanted in a target brain structure, such as the subthalamic nucleus (STN).

Accurate targeting of the correct brain structure is important for maximizing the clinical benefit of DBS therapy. However, the target structure is often small, non‐spherical in shape with complex substructures [7](#ner13031-bib-0007){ref-type="ref"}, and surrounded by other structures which upon stimulation can cause adverse side effects [8](#ner13031-bib-0008){ref-type="ref"}, [9](#ner13031-bib-0009){ref-type="ref"}, [10](#ner13031-bib-0010){ref-type="ref"}. Generating optimal therapy without triggering side effects can be a major challenge if the lead is not implanted optimally.

A recent technological development in DBS is leads with radially segmented electrodes. Modeling studies [11](#ner13031-bib-0011){ref-type="ref"}, [12](#ner13031-bib-0012){ref-type="ref"}, [13](#ner13031-bib-0013){ref-type="ref"} and preclinical studies [14](#ner13031-bib-0014){ref-type="ref"} have shown that stimulation through a segmented electrode allows for steering current axially toward the therapy target, while avoiding regions that produce side effects. Pilot studies using segmented DBS leads have demonstrated the ability to improve outcomes by allowing clinicians to customize and shape stimulation to individual patient\'s anatomy [15](#ner13031-bib-0015){ref-type="ref"}, [16](#ner13031-bib-0016){ref-type="ref"}.

For segmented lead systems, using only a single activated electrode (known as single‐segment activation or SSA) is often sufficient to produce customized axially asymmetric directional fields [15](#ner13031-bib-0015){ref-type="ref"}, [17](#ner13031-bib-0017){ref-type="ref"}, [18](#ner13031-bib-0018){ref-type="ref"}, [19](#ner13031-bib-0019){ref-type="ref"}, but in some cases where a higher level of customizability of the activated tissue is desired, current fractionalization techniques can be used. Current fractionalization is defined as distributing currents through two or more electrodes. While allowing for high level of user control of the activated tissue, current fractionalization also increases the complexity of programming [20](#ner13031-bib-0020){ref-type="ref"} and may reduce the implantable pulse generator (IPG) lifespan.

To date, two current fractionalization approaches are available for clinical use. The first approach is multi‐stim set (MSS), or sometimes called "interleaving," which rapidly alternates multiple stimulation sets that can have different stimulation parameters, apart from a shared stimulation frequency (Fig. [1](#ner13031-fig-0001){ref-type="fig"}a). Systems with a single current source employ MSS to enable current fractionalization. The second approach is multiple independent current control (MICC), which is implemented by capping the total amount of current and distributing portions of the total current independently through two or more electrodes (Fig. [1](#ner13031-fig-0001){ref-type="fig"}b). Some systems offer concurrent activation of multiple electrodes via parallel hardware connection (enabling the combination to be treated as a single electrode), or "coactivation" (Fig. [1](#ner13031-fig-0001){ref-type="fig"}c). Coactivation can decrease the overall impedance of the electrodes, therefore may result in less power utilization in current‐controlled systems but may also produce a volume of tissue activation (VTA) whose directionality can vary based on interelectrode impedance [15](#ner13031-bib-0015){ref-type="ref"}. Therefore, coactivation is considered a limited current fractionalization technique.

![a. MSS pulses at 1.5 mA each. The second pulse arrives at the 50% phase offset from the first pulse. b. MICC pulses at 1.5 mA each, the two pulses arrive at the same time. c. Coactivation pulses at 3 mA total. The two pulses arrive at the same time, but the amplitudes of the pulses are determined by the interelectrode impedances. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](NER-23-469-g001){#ner13031-fig-0001}

This study used computational models to compare the performance and power consumption of MICC, MSS, and coactivation by comparing the volume of tissue activated (VTA). A significant limitation of prior studies of VTA modeling of current fractionalization methodologies has been the use of homogenous tissue models. In order to allow for a more accurate study of interelectrode field steering, we used the multimodal image‐based detailed anatomical (MIDA) model [21](#ner13031-bib-0021){ref-type="ref"}, which contains detailed representations of numerous structures surrounding the DBS lead, brain nuclei, white matters, blood vessels, bones and skull layers, brain surfaces, meninges, cerebrospinal fluids, and soft tissues inside of a human head, and the IT\'IS database 3.1.1 [22](#ner13031-bib-0022){ref-type="ref"}, which assigns inhomogeneous tissue properties to all of the MIDA structures. As a result, the calculation of VTAs is more accurate [23](#ner13031-bib-0023){ref-type="ref"}, [24](#ner13031-bib-0024){ref-type="ref"}, [25](#ner13031-bib-0025){ref-type="ref"}, [26](#ner13031-bib-0026){ref-type="ref"}, [27](#ner13031-bib-0027){ref-type="ref"} than using simple homogeneous models used previously [28](#ner13031-bib-0028){ref-type="ref"}. We focused on testing the effects of current fractionalization (via various current splits, see methods) between electrodes on VTA laterality, directional accuracy, volume, shape, and power drain for each paradigm.

METHODS {#ner13031-sec-0008}
=======

A finite element model (FEM) of the human head (Supplementary Fig. [1](#ner13031-supitem-0001){ref-type="supplementary-material"}a) was implemented in Sim4Life v4.0 with the MIDA model [21](#ner13031-bib-0021){ref-type="ref"}. A segmented DBS lead (cylindrical electrode at the top and bottom of the array, and two tri‐trodes in‐between‐ a 1--3--3‐1 design) with 0.5 mm interelectrode spacing was placed in the STN, with the lead tip positioned near the ventral STN border, and a 0.5‐mm thick encapsulation layer [29](#ner13031-bib-0029){ref-type="ref"} was added around the lead. The electrical conductivity and relative permittivity of the brain tissues, platinum‐iridium contacts on the DBS lead, and polyurethane insulation on the lead were determined from the IT\'IS database 3.1.1 [22](#ner13031-bib-0022){ref-type="ref"}. Electrical potentials were calculated using various contact configurations by setting the boundaries of the active contacts to a voltage‐controlled condition (Dirichlet boundary condition). The return electrode (anode) of the monopolar stimulation was represented using the boundaries of the epidermis layer in the MIDA head model. A bounding box of size 175.2 × 227.5 × 251.5 mm that encompassed all other model structures was modeled with zero normal current density (Neumann boundary condition). To determine the equivalent current delivered, the total current flux was calculated over the boundary of the cathode(s). Given the input voltage and the current flux on the cathode(s), an impedance of the electrode‐tissue interface (ETI) was calculated and the equivalent current delivered was computed.

A rectilinear, volumetric mesh grid was generated from the model geometries with 0.1 mm maximum step size for the electrode and structures near the electrode, and 2.5 mm maximum step size elsewhere (over 101 million elements total). Convergence was set to a relative value of 1 × 10^‐8^ and an absolute value of 1 × 10^‐10^. Finally, an electromagnetic ohmic quasi‐static solver was used to solve the following equation at the mesh nodes at the given current amplitude and frequency:$$\nabla \bullet \overline{ɛ}\nabla\varphi = 0$$where $\overline{ɛ}$ is the complex electric permittivity, is the electric potential, and:$$\overline{ɛ} = ɛ_{R}ɛ_{0} + \frac{\sigma}{\mathit{j\omega}}$$where is the relative permittivity, is the relative permittivity of perfect vacuum, and is the electrical conductivity.

Multicompartment axons [30](#ner13031-bib-0030){ref-type="ref"} of 10 mm length and 5.7 μm diameter were distributed on planes of 1 mm spacing that were perpendicular to the lead. Within each plane, the axons were arranged parallel to one another with 0.25 mm spacing and rotated 5 times by 30 degrees per rotation (Supplementary Fig. [1](#ner13031-supitem-0001){ref-type="supplementary-material"}c). The electrical potentials from the FEM (Supplementary Fig. [1](#ner13031-supitem-0001){ref-type="supplementary-material"}b) were interpolated along each neuron and delivered as an extracellular stimulation to determine which axons were activated for a given contact configuration and stimulation set. The VTA was then calculated by linking the sites of first action potential initiation within the axon grid [11](#ner13031-bib-0011){ref-type="ref"}, [24](#ner13031-bib-0024){ref-type="ref"}. All neuronal activations were computed in Sim4Life.

A total of 3 mA of current was distributed between two electrodes in the same row (2B\|2A) or along the same column (2B\|3B, or 2ABC\|ABC in ring modes). In this study, electrode 2B was chosen as the base electrode because it faced posterior‐lateral STN, a region demonstrated to offer the most therapeutic effect when stimulated [31](#ner13031-bib-0031){ref-type="ref"}, [32](#ner13031-bib-0032){ref-type="ref"}. The current splits between the two electrodes extended from 100%--0%, 87.5%--12.5%, 75%--25%, 62.5%--37.5%, 50%--50% ... 0%--100% for the computational experiments with electrodes 2B and 2A, respectively, and from 100%--0% to 50%--50% following the same 12.5% step resolution for the computational experiments with electrodes 2B\|3B and 2ABC\|3ABC. A pseudo‐biphasic waveform (recorded from the DBS contacts in saline) with 90 μs pulse width was delivered at 130 Hz. For the MICC paradigm, the two pulses were delivered simultaneously, and for MSS paradigm, the second pulse was introduced at a 50% phase offset from the first pulse.

Four classes of measures were used to classify the VTA: laterality (radial distance of displacement vectors), directional accuracy (angle of the displacement vectors), volume (volume, spread), and shape (mean differential radius). In addition, power consumption was also calculated for each current steering paradigm.

The *laterality* and *directional accuracy* of the VTA was quantified by analyzing the centroid of the boundaries on each axonal plane. The *displacement vectors* were defined as vectors pointing from the center of the DBS lead to the centroid of the VTA boundary on each axonal plane in polar coordinates (Fig. [2](#ner13031-fig-0002){ref-type="fig"}a). From the displacement vectors, the radial distance and angle can be used to quantify the laterality and directional accuracy of the VTA from the center of the DBS lead.

![a. An example (37.5%--62.5% split) of the 3D representation of displacement vectors (oblique and top view) on each axonal plane with MICC (red) and MSS (black) VTAs, shaded planes show the top, bottom, and electrode planes. b. Displacement vectors of the VTAs for all current splits on the top, bottom, and electrode planes, also showing displacement vectors of the coactivation VTA. Radial guidelines indicate the perfect current steering angles for all current splits. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](NER-23-469-g002){#ner13031-fig-0002}

The *volume* of the VTA was calculated by finding the polygon that was bounded by sites of the first initiated action potential after each pulse in each axonal plane, and calculating the volume enclosed by the bounding polygon stacks. The action potential sites that were more than three standard deviations away from the population on each plane were considered outliers and were not included for VTA calculation. For MSS, the two volumes elicited by two sequential pulses were summated to produce a single volume. We also performed a single calculation of VTA volume when coactivating 2B and 2A by assigning the 3 mA of equivalent currents of 2B and 2A according to their impedance when shorted together. The *spread* of the VTA was calculated by dividing the volume of a given VTA by the VTA generated by activating only electrode 2B (or electrode 2ABC in ring mode) at 3 mA (100%--0% current split). This measure reflects the percentage of volume change relative to an SSA.

The shape measure *mean differential radius* was defined as the average of the linear distances between points on MICC boundaries and their closest point on the MSS boundaries on each axonal plane. This measure compares the VTA of MICC and MSS on each axonal plane. The power consumption (represented using battery draw current) of the MICC, MSS, and coactivation (CoA) paradigms were calculated using the following sets of equations:$$I_{\text{MICC}} = I_{\text{overhead}}\left( f \right) + \left( {I_{E1} + I_{E2}} \right)*\mathit{PW}*f*\frac{V_{\max}}{V_{bat}}$$ $$I_{MSS} = I_{\text{overhead}}\left( {2*f} \right) + I_{E1}*\mathit{PW}*f*\frac{V_{E1}}{V_{bat}} + I_{E2}*\mathit{PW}*f*\frac{V_{E2}}{V_{bat}}$$ $$I_{CoA} = I_{\text{overhead}}\left( f \right) + 2*I*\mathit{PW}*f*\frac{V_{\mathit{eq}}}{V_{bat}}$$ where I~overhead~ is the frequency‐dependent overhead current from the IPG circuit, *f* is the stimulation frequency, *I* ~*E*1~ and *I* ~*E*2~ are the stimulation current amplitude for electrodes 1 and 2, PW is the pulse width, *V* ~*E*1~ and *V* ~*E*2~ are the load voltages for electrodes 1 and 2 according to their respective ETI impedances, *V* ~max~ is the load voltage with maximum impedance between the two electrodes, *V* ~eq~ is the load voltage for the shorted electrodes with their equivalent impedance, and finally, *V* ~bat~ is the battery voltage.

RESULTS {#ner13031-sec-0009}
=======

Impedance {#ner13031-sec-0010}
---------

This work compared VTAs generated with MSS and MICC paradigms as a fixed total current is progressively fractionated between two electrodes (or sets of electrodes). In a current‐controlled DBS system, the size of the VTA is influenced by the impedance of the ETI. Therefore, we calculated the impedance values of all ETIs by dividing the input voltage by the current through the cathodes from the FEM. The impedance of the ETI at electrode 2B, 2A, 3B, 2ABC, and 3ABC were calculated to be 1.147, 1.496, 1.337, 0.590, and 0.693 kΩ, respectively. In the case of coactivation, parallel connection of 2B and 2A resulted in an equivalent electrode impedance of 0.649 kΩ.

VTA Laterality {#ner13031-sec-0011}
--------------

Laterality of the VTA was measured by the radial distance of the displacement vectors. Figure [2](#ner13031-fig-0002){ref-type="fig"}b summarized displacement vectors of all current splits in polar coordinates for axonal planes 1, 3, and 7. Plane 1 and 7 were the bottom and top planes, indicating the planes most proximal and distal to the lead tip. Plane 3 was where electrodes 2B and 2A were centered on, denoted as the "electrode plane." As the current split shifted from 100%--0% (SSA) to 50%--50%, the radial distance decreased, indicating that the volume was pulled toward the center of the lead. In addition, radial distances did not show substantial differences between the MICC and MSS on the electrode plane, but MSS exhibited overall smaller radial distances on the top and bottom planes. The displacement vectors for the VTA obtained by coactivation of electrodes 2B and 2A were also plotted (Fig. [2](#ner13031-fig-0002){ref-type="fig"}b, green squares) for comparison. The coactivation VTA displacement vectors had a similar radial distance as MICC at 50%--50% current split (Fig. [2](#ner13031-fig-0002){ref-type="fig"}b, green stars) at all three planes.

VTA Directional Accuracy {#ner13031-sec-0012}
------------------------

The angle of the displacement vectors reflects the directional accuracy of current steering. In a "perfect" current steering scenario, the displacement vectors are expected to shift every 15 degrees for the nine current split conditions (radial guidelines in Fig. [2](#ner13031-fig-0002){ref-type="fig"}b, Fig. [3](#ner13031-fig-0003){ref-type="fig"}b). In this case, the displacement vector angles for MICC, MSS, and coactivation were found to be generally consistent across axonal planes at each current split (Supplementary Video). Therefore, an average angle of the displacement vectors could be obtained by averaging across axonal planes at each current split (seen in Fig. [3](#ner13031-fig-0003){ref-type="fig"}b). Overall, MICC showed a relatively higher performance in directional accuracy, with the maximum deviation of 14.8 degrees from the "perfect" steering angle (occurred at 37.5%--62.5% current split). MSS showed more pronounced directional inaccuracy than MICC, with the maximum deviation of 43.3 degrees from the "perfect" steering angle (also occurred at 37.5%--62.5% current split). Both the MICC and MSS paradigms showed an overshoot then lag of directional accuracy in directional steering. This will be further discussed in the Discussion section. The displacement vectors for coactivation had a 60‐deg angle at the electrode plane (green squares in Fig. [2](#ner13031-fig-0002){ref-type="fig"}b), and clustered close to 60 degrees at all other axonal planes (Supplementary Video), which indicated that directional accuracy for coactivation was close to being "perfect."

![a. VTA volumes of MICC and MSS paradigms for various current (coactivation VTA is also shown). Numbers near the data points were used to denote the sequence of the current splits. b. The spread of VTA for MICC and MSS paradigms in polar coordinates with respect to average displacement vector angles. Dashed radial guidelines indicate the perfect current steering angles for all current splits. c. An example of the MICC (red) and MSS (black) VTAs, showing all axonal planes. d. Mean differential radius along the axonal planes. Axonal plane 1 is the bottom plane (most proximal to the lead tip) and 7 is the top plane. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](NER-23-469-g003){#ner13031-fig-0003}

VTA Volume and Spread {#ner13031-sec-0013}
---------------------

In the modeling experiment with electrode 2B\|2A, the MSS VTA volume in response to various current splits was nonlinear and was 40% smaller (at 50%--50% current split) than the VTA obtained by coactivation of electrodes 2B and 2A (Fig. [3](#ner13031-fig-0003){ref-type="fig"}a). MICC VTA had a linear response to current split (due to the impedance mismatch, see Discussion section) but was as much as 36.6% larger (at 50%--50% current split) compared to the corresponding MSS VTA and 11.2% larger than coactivation. The impacts are better understood in conjunction with the shape analysis.

The MSS VTA exhibited an average spread of 0.86, whereas MICC had an average spread of 1.17 (averaged for all except 100%--0% and 0%--100% current split), which demonstrated that splitting currents between two electrodes caused a decrease of volume for MSS and an increase of volume for MICC compared to an SSA (Fig. [3](#ner13031-fig-0003){ref-type="fig"}b).

VTA Shape {#ner13031-sec-0014}
---------

Since the MICC VTA generally encompassed the respective MSS volume (Fig. [3](#ner13031-fig-0003){ref-type="fig"}c), the mean differential radius generally remained positive. As the current split shifted from 100%--0% to 50%--50%, the mean differential radius showed more discrepancy, particularly at the top and bottom axonal plane (most distal and proximal planes along the lead axis), forming a more "parabolic" profile along the length of the lead (Fig. [3](#ner13031-fig-0003){ref-type="fig"}d). The maximum mean differential radius was found at the 50%--50% current split on axonal plane 1 (most distal end of the DBS lead), where the MICC boundary extended an average of 1 mm further than the MSS boundary.

Vertical Steering {#ner13031-sec-0015}
-----------------

In the "vertical" current steering experiment with electrode 2B and 3B, or ring mode with electrodes 2ABC and 3ABC, the volume (and spread) exhibited similar trends as those of 2B and 2A (Fig. [4](#ner13031-fig-0004){ref-type="fig"}a). Instead of winding around the circumference of the lead with changes in current split, the VTA spread across the length of the lead (Fig. [4](#ner13031-fig-0004){ref-type="fig"}b). The displacement vector across all axonal planes were shown in Figure [4](#ner13031-fig-0004){ref-type="fig"}c. The displacement vectors for the ring mode, expectedly, aggregated at the center of the lead due to a symmetrical activation. Similarly, the displacement vectors for 2B and 3B aggregated at the direction of the electrodes 2B and 3B and did not show any radial shift. The mean differential radius was shown in Figure [4](#ner13031-fig-0004){ref-type="fig"}d. Between the experiment of 2B\|3B and 2ABC\|3ABC, the mean differential radius showed similar trend. Axonal plane 1 exhibited the least amount of differences between MICC and MSS VTA while axonal plane 5--8 generally exhibited the most amount of differences.

![a. VTA volumes for single‐segment versus ring mode activations for MICC and MSS conditions. b.‑d. Rendered volumes, displacement vectors, and mean differential radius of VTAs for ring mode activation (2ABC\|3ABC) and single‐segment activation (2B\|3B). \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](NER-23-469-g004){#ner13031-fig-0004}

Power {#ner13031-sec-0016}
-----

Lastly, the results of the power consumption calculation indicated that the battery current draw for either fractionalization paradigm (MICC or MSS) is highly dependent on the impedance of the ETI and input current, and that coactivation always results in a lower battery draw than fractionalization. We created three parameter sets to demonstrate the complexity of these dependencies:The parameters were the same as our previously simulations, where electrode 2B and 2A had respective impedances of 1.147 and 1.496 kΩ, and received 1.5 mA of current each. In this situation, MSS current drew 40% more current than MICC, while coactivation drew 7.8% less current than MICC.A scenario presented by Schüpbach et al [28](#ner13031-bib-0028){ref-type="ref"} where the two electrodes have an unmatched impedance of 1.5 and 3 kΩ. For the case in which the two electrodes were each passed 2 mA of current, MSS drew 2.1% less current than MICC, while coactivation drew 27.9% less current than MICC.In a more extreme scenario where the two electrodes have the same impedance as stated by reference \[[2](#ner13031-bib-0002){ref-type="ref"}\], but the electrode with the higher impedance received 3 mA while the other received 2 mA, MSS drew 13.3% less current than MICC, while coactivation drew 29.7% less current than MICC.

DISCUSSION {#ner13031-sec-0017}
==========

VTA modeling has furthered our understanding of the impacts of different electrode montages on tissue activation. VTA visualizations of the effects of current steering with directional DBS systems and interelectrode current fractionalization techniques show nearly limitless ability to accurately focus and steer the VTA, leading some to propose VTA‐based visually guided programming of DBS systems.

However, the models utilized by visually guided programming software did not account for any degree of tissue heterogeneity. Recent studies have shown the vital importance of tissue inhomogeneity [23](#ner13031-bib-0023){ref-type="ref"} and even the heterogeneity of the soft tissues [26](#ner13031-bib-0026){ref-type="ref"} on computational modeling results. Prior publications also studied the effects of impedance on current steering with MICC in the case of a perfect impedance‐matched scenario [33](#ner13031-bib-0033){ref-type="ref"}, and at extremes of impedance‐mismatch [28](#ner13031-bib-0028){ref-type="ref"}. In this study, we modeled the ETI with real‐life scenarios in a widely accepted heterogeneous brain tissue model and accounted for a clinically relevant interelectrode impedance (27%), hence the modeling in this study is proposed to be more relevant in understanding how the VTA volumes spread as current fractionalizes.

In this study, we used VTA *laterality*, *directional accuracy*, *volume*, *shape*, *and power* measures to study the VTA produced with three current‐controlled current fractionalization methods, MICC, MSS, and coactivation.

The *laterality and directional accuracy* of the VTAs were quantified using displacement vectors, which contains two measures, radial distance and angle, corresponding to the laterality and directional accuracy of the VTA volume on every axonal plane (Fig. [2](#ner13031-fig-0002){ref-type="fig"}b, full sets of displacement vectors for all axonal planes could be found in Supplementary Video). Firstly, radial distance did not show substantial differences between the MICC and MSS on the electrode plane, while MSS observed smaller radial distances at the top and bottom planes. This implies that the MSS could produce VTA of more focus on the electrode plane with less volume spreading onto other planes. In addition, both MICC and MSS produced less VTA radial distance than SSA. This is consistent with previous studies that demonstrated the SSA produces VTAs with the most laterality [15](#ner13031-bib-0015){ref-type="ref"}.

Secondly, MSS showed a larger discrepancy in directional accuracy, but both MICC and MSS showed discrepancy, nonetheless. This indicates that to achieve perfect current steering, using prefractionalized current splits alone with MICC is not sufficient, as minor adjustments on current splits are needed. This is especially well illustrated in the MSS paradigm, where radial steering did not initiate until the 62.5%--37.5% current split and aggregated toward the other electrode after the 37.5%--62.5% current split. This implies that to achieve perfect steering of 15 degrees at every current split, MSS will require even finer resolution adjustment of current splits than MICC. However, this delay and then overshoot of the MSS VTA steering was not observed in activation of electrodes along the DBS lead (vertical steering), such as 2B and 3B (Fig. [4](#ner13031-fig-0004){ref-type="fig"}b). Note that in this study, "perfect" steering angles was only represented as a measurement for the implementation of visually guided programming. The clinical relevance of "perfect steering" is not yet clear as a "sufficient steering" has not yet been clearly established (i.e., clinically sufficient to reduce off target side effects with minimal programming burden).

Under certain conditions, coactivation demonstrated advantages in VTA steering accuracy compared to the other fractionalization methods. It is also worth noting that, in this model, with less than 27% interelectrode impedance difference (electrodes 2B and 2A at 1.147 and 1.496 kΩ respectively), the angle of the displacement vectors for electrode co‐activation lies at the "perfect" steering axis of 60 degrees (Fig. [2](#ner13031-fig-0002){ref-type="fig"}b, Supplementary Video), outperforming MSS and MICC in radial current steering accuracy. If the interelectrode impedance difference is at the extreme end of that seen physiologically (100% variation in adjacent segments) as discussed in Schüpbach et al [28](#ner13031-bib-0028){ref-type="ref"}, the angle of the steering would be off the perfect steering axis in a homogeneous tissue model. Overall, this implies that coactivation can provide greater focus and better steering accuracy when interelectrode impedances are within typical physiological parameter.

Overall, for a given set of parameters, both current fractionalization techniques showed changes in VTA *volume* as the current split shifted from 100%--0% to a 50%--50% distribution. In an MICC DBS system, the VTA volume has a linear relationship with the impedance, which resulted in a linear increase in the spread from electrode 2B (lower impedance) to 2A (higher impedance) across current splits in MICC. In the case of MSS, this change was nonlinear, where the smallest volume was observed at current splits 62.5%--37.5%, but in a perfect impedance‐matched scenario, the smallest volume would be expected to occur at current splits 50%--50%.

The *shape* difference of VTAs produced by MICC and MSS was better understood by comparing slice‐by‐slice mean differential radius. In the experiment of electrodes 2B and 2A, as currents split from 100%--0% to 50%--50%, the mean differential radius (Fig. [3](#ner13031-fig-0003){ref-type="fig"}d) exhibited a "parabolic" shape that was smaller at the center of the VTA volume and larger at the ends. This indicated that at certain current splits, the MSS paradigm minimized VTA activation at the two ends of the VTA, concentrating the activation near the site of the active electrode. In the experiments of electrodes 2B and 3B, as well as 2ABC and 3ABC, because the VTA moved along the length of the DBS lead, the "parabolic" shape was not observed. Instead, the largest mean differential radius usually resided at the top axonal planes (Fig. [4](#ner13031-fig-0004){ref-type="fig"}d). This is attributed to the second pulse in the MSS paradigm. A weaker second pulse with MSS produced a smaller volume than a synergistic MICC paradigm, therefore providing more focus of stimulation for the former.

The laterality, directional accuracy, volume, and shape measures of the VTAs demonstrated that the clinical effects of steering through interelectrode current fractionalization may have to incorporate all four measures. Therefore, when using current fractionalization techniques, the clinician may thereby need to titrate amplitude of stimulation in addition to the current fractionalization (current splits), imposing further steps in optimizing clinical programming.

The power calculations showed that MSS, with different sets of parameters, could draw more or less battery current than MICC depending on the ETIs of the electrodes and the input current, while coactivation consistently drew less battery current than fractionalization (MICC or MSS). The increased energy cost for MSS stemmed from the overhead current, as the two interleaved pulses need to be switched on and off, effectively doubling the stimulation frequency. With further technology development, the overhead battery drain could be further minimized to increase the efficiency of MSS.

One limitation of the current study is that a DBS waveform was used that was recorded in saline (to mimic the properties of homogeneous neural tissues) for all modeling. Though this waveform did not account for tissue heterogeneity, it is sufficient to incorporate the capacitive and resistive effect of the electrode metal and a homogeneous ETI on the input waveform. Another limitation of the current study is that we only examined the spatial activation of the MICC and MSS paradigms. The temporal dynamics of the basal ganglia network was not considered. Studies have demonstrated that desynchronized stimulations could provide better therapeutic effects [34](#ner13031-bib-0034){ref-type="ref"}, [35](#ner13031-bib-0035){ref-type="ref"}. MSS could potentially generate similar desynchronization effects, and further research is warranted on its potential benefits.

Finally, because the pulses were individually administered in the MSS paradigm, the second pulse could be switched to a wider (or narrower) pulse width, or a potentially different waveform, and the delay from the first pulse could be changed. In addition to VTA, pathway activations can also be examined. For example, the internal capsule, a pathway near the STN that could cause adverse side effects such as tetanic motor contractions [24](#ner13031-bib-0024){ref-type="ref"} and worsening of other motor symptoms [36](#ner13031-bib-0036){ref-type="ref"} upon stimulation. We plan to incorporate these factors into future modeling work (Supplementary Fig. [1](#ner13031-supitem-0001){ref-type="supplementary-material"}d).

In conclusion, in a clinical setting, for directionally segmented DBS systems, a clinician can choose to use either MSS, MICC, or coactivation to achieve interelectrode current steering with various tradeoffs (Table [1](#ner13031-tbl-0001){ref-type="table"}). MSS needs finer current splits to achieve precise radial steering, and MICC needs titration of current amplitude to achieve more focused activation at the active electrode. In cases where current steering was implemented on two vertical electrodes, MSS and MICC are directly comparable. If a clinician wants to achieve the furthest laterality in VTA activation, SSA is more desirable than either MSS or MICC. Last but not least, coactivation may outperform MICC or MSS in precision of steering directionality at certain interelectrode impedance differences and with less power consumption than both MICC and MSS.

###### 

Summary of Comparison of Various Current Steering Techniques.

                 Laterality                                                         Directional accuracy                                                                              VTA volume and shape                                                  Power consumption
  -------------- ------------------------------------------------------------------ ------------------------------------------------------------------------------------------------- --------------------------------------------------------------------- ---------------------------------------
  MICC           Less than SSA when using more than one electrode in the same row   Deviations from expected direction when accounting for heterogeneity                              Larger volume, more spread outside the active electrode plane         Depends on the impedance of the ETI
  MSS            Less than SSA when using more than one electrode in the same row   More deviations from expected direction than MICC                                                 Smaller volume, more focused at the active electrode plane            Depends on the impedance of the ETI
  Coactivation   Less than SSA                                                      Only one direction, but at expected direction with typical interelectrode impedance differences   Smaller volume than MICC, larger than MSS at 50%--50% current split   Lowest due to lowest impedance of ETI
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**Supplementary Figure 1** a. The MIDA head model with the segmented DBS lead in the STN. b. An example of the FEM model results for electrode 2B at 1 V. c. Axon grid comprised of various axonal planes. d. Rendered VTA volumes with surrounding structures.
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Click here for additional data file.
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Supplementary Video
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Click here for additional data file.

We like to thank Daran DeShazo, David Schafer and Steve Boor for performing the energy consumption experiment and calculations. This study was sponsored by Abbott.
